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We observe and study the phenomenon of Anderson localization in a system of true quantum
kicked rotors. Nitrogen molecules in a supersonic molecular jet are cooled down to 27 K and
are rotationally excited by a periodic train of 24 high-intensity femtosecond pulses. Exponential
distribution of the molecular angular momentum - the most unambiguous signature of Anderson
localization - is measured directly by means of coherent Raman scattering. We demonstrate the
suppressed growth of the molecular rotational energy with the number of laser kicks and study
the dependence of the localization length on the kick strength. Both timing and amplitude noise
in the pulse train is shown to destroy the localization and revive the diffusive growth of angular
momentum.
The periodically kicked rotor is one of the simplest sys-
tems whose classical motion is chaotic, as manifested by
the unbounded diffusive growth of its energy with the
number of kicks. In contrast, the energy growth of a
quantum kicked rotor (QKR) is suppressed due to the
interference of quantum interaction pathways [1, 2]. The
effect has been linked to Anderson localization [3] of the
electronic wave function in disordered solids [4]. Simi-
larly to the latter, the wave function of the quantum ro-
tor does not grow wider in the angular momentum space
with every consecutive kick, but instead localizes near
the initial rotational state, with the probability ampli-
tude falling exponentially away from it.
The exponential distribution around the localization
center is considered a necessary component and a distinct
signature of Anderson localization. Although it has been
demonstrated [5] in a cold-atom analogue of the QKR [6],
exponentially localized states have not yet been observed
in a system of true quantum rotors. A natural choice for
such a system - a diatomic molecule subject to short kicks
from a pulsed external field (microwave, optical or THz),
has been discussed in multiple theoretical proposals [7–
10]. In a series of recent works [9, 11–13], Averbukh
and coworkers suggested a strategy to observe and study
a number of QKR effects in an ensemble of molecules
exposed to a periodic sequence of ultra-short laser pulses.
The effects of a quantum resonance [14, 15] and Bloch
oscillations [16] have been verified experimentally. An
onset of Anderson localization in laser-induced molecular
alignment has been reported [17], but the direct evidence
of the exponentially localized states and the suppressed
growth of the rotational energy has not been shown.
The difficulty of demonstrating Anderson localization
with molecular rotors stems from a number of experi-
mental challenges. First, the need to assess the shape of
the rotational distribution calls for a sensitive detection
method capable of resolving individual rotational states.
According to the theoretical studies [11], the population
of a few tens of rotational states must be measured with
high sensitivity over the range of at least two orders of
magnitude. Second, for the localized state not to be
smeared out due to the averaging over the initial ther-
mal distribution, the latter must be narrowed down to
as close to a single rotational state as possible, requiring
cold molecular samples. Finally, an important test of An-
derson localization, the recovery of classical diffusion un-
der the influence of noise and decoherence, demonstrated
experimentally with cold atoms [18–21] and theoretically
with molecular QKR [11], requires long sequences of more
than 20 strong kicks.
In this work, we address all three of the above chal-
lenges and study the rotational dynamics of nitrogen
molecules, cooled down to 27 K in a supersonic expansion
and kicked by a periodic series of 24 laser pulses. We use
state-resolved coherent Raman spectroscopy to demon-
strate the exponential shape of the created rotational
wave packet, indicative of Anderson localization. The
dependence of the rotational distribution on the number
of pulses and their strength is investigated. Our ability
to resolve individual rotational states allows for a direct
extraction of the absorbed energy, whose growth is shown
to cease completely after as few as three pulses. To con-
firm the coherent nature of the observed localization, we
study the effect of both timing noise and amplitude noise,
which are shown to yield a non-exponential distribution
of angular momenta and revive the diffusive growth of
energy. Our results are in good agreement with the theo-
retical analysis of Floß, Fishman and Averbukh [11] and
our own numerical simulations.
To expose nitrogen molecules to a long series of strong
kicks, we have developed an optical setup capable of
generating high-intensity trains of femtosecond pulses,
shown schematically in the lower panel of Fig.1 and de-
scribed in detail in [22]. Briefly, we use a Ti:Sapphire
femtosecond laser system producing pulses of 130 fs full
width at half maximum (FWHM) at a central wavelength
of 800 nm, 1 kHz repetition rate, and 2 mJ per pulse.
Part of the beam (40% in energy) is sent through a stan-
dard ‘4f ’ pulse shaper [23], which generates a sequence of
six pulses separated by arbitrary time intervals in a total
window of 50 ps. The shaper is followed by two Michelson
interferometers quadrupling the amount of laser pulses.
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FIG. 1: (top) Scheme of the experimental setup. A train of
strong femtosecond pulses (pump) and a delayed weak probe
pulse are focused on a supersonic jet of nitrogen molecules in
a vacuum chamber. The change of probe polarization is ana-
lyzed as a function of wavelength by means of two crossed po-
larizers and a spectrometer. (bottom) Diagram of the pump
and probe sources. Long pulse trains are generated by the
combination of a pulse shaper and two Michelson interferom-
eters; their energy is then boosted by a multi-pass amplifier
(MPA). Another pulse shaper is used to narrow the spec-
tral bandwidth of probe pulses, whose central wavelength is
shifted by means of second harmonic generation (SHG) in a
nonlinear crystal.
The entire sequence of 24 weak pulses is amplified by a
home-built multi-pass amplifier (MPA) boosting the op-
tical energy to more than 100 µJ per pulse at 10 Hz rep-
etition rate. The standard deviation of the pulse energy
fluctuations is below 15%.
The remaining part of the 800 nm beam is used as
a probe. Its spectrum is narrowed down in a separate
pulse shaper, before its central wavelength is shifted to
≈ 400 nm by frequency doubling. The probe pulses of
0.15 nm spectral width (FWHM) are linearly polarized
at 45° with respect to the pulses in the pump train. Both
beams are focused into a vacuum chamber, where they
are combined on a dichroic beamsplitter and intersect a
supersonic jet of N2, as illustrated in the upper panel of
Fig. 1. Special care is taken to avoid detrimental effects of
spatial averaging by making the probe beam significantly
smaller than the pump (FWHM beam diameters of 20 µm
and 60 µm, respectively). We use a 500 µm diameter
pulsed nozzle, operating at the repetition rate of 10 Hz
and the stagnation pressure of 33 bar, to achieve the
rotational temperature of 27±3 K at a distance of 1 mm
from the nozzle [24].
Coherent molecular rotation, produced by a strong
pulse train, modulates the refractive index of the gas.
As a result, the spectrum of a weak probe light acquires
Raman sidebands shifted with respect to its central fre-
quency and polarized orthogonally to its initial polariza-
tion [25, 26]. By passing the probe pulses through an
analyzer set at 90° with respect to the input probe po-
larization, we detect the rotational Raman spectrum of
kicked molecules with a dynamic range of four orders of
magnitude in intensity.
Consider a coherent superposition of two rota-
tional states, ψJ,M (t) = cJ,M e
−2piiEJ t/h | J,M 〉 +
cJ+2,M e
−2piiEJ+2t/h | J + 2,M 〉, created by a linearly
polarized pump field. Here J and M are the molecular
angular momentum and its projection on the vector of
pump polarization, EJ = hcBJ(J + 1) is the rotational
energy of a rigid rotor with the rotational constant B, c
is the speed of light in vacuum and h is the Planck’s con-
stant. The coherent dynamics of such a wave packet will
result in a Raman peak with a J-dependent frequency
shift ∆ωJ = (EJ+2 − EJ)/h = 2Bc(2J + 3). Owing to
the selection rules for a two-photon excitation process,
∆J = 0,±2 and ∆M = 0, the superposition ψJ,M (t)
can originate from any initially populated thermal state
| J ′ = J ± 2k,M ′ = M 〉, where k is an integer. Hence,
the intensity of the observed Raman peak will be propor-
tional to the modulus squared of the induced coherence,
IJ ∝
∑
M 〈|c∗J,McJ+2,M |2〉J′M′ , summed over the degen-
erate M -sublevels and averaged over the initial thermal
mixture.
Note that if the initial ensemble contained only one
populated level |J ′ = J0,M ′ = M0〉, the strength of the
Raman signal would reduce to IJ ∝ PJ,M0PJ+2,M0 , where
PJ,M = |cJ,M |2 is the rotational population. For local-
ized and non-localized dynamics of the QKR, we expect
exponential or Gaussian population distributions, respec-
tively [18, 27]. In either case, the Raman spectrum can
be further simplified to IJ ∝ (PJ,M0)2, offering the di-
rect measure of the rotational population. As we show
below, this proportionality holds even at a non-zero tem-
perature of molecules in our supersonic jet, when the
Raman signal is produced by a number of independent
rotational wave packets originating from different initial
states | J ′,M ′ 〉. At 27 K most population is initially at
J ′ = 2. Thus, the smallness of M ′ = 0,±1,±2 with re-
spect to the angular momentum of the majority of states
in the final wave packet results in an interaction Hamil-
tonian which to a good degree of approximation does not
depend on M ′ [28]. Having all molecules in the thermal
ensemble respond to the laser field in an almost identical
way enables us to extract rotational populations from the
Raman signal as PJ = aJ
√
IJ , with the coefficients aJ
found from normalizing the total population to unity.
To determine the exact pulse intensity in the inter-
action region, we tune the period of the pulse train to
the rotational period of a wave packet consisting of two
rotational states with J = 2 and J = 4 [29]. Fit-
ting the frequency of the ensuing Rabi oscillations be-
tween the two states provides an accurate way of mea-
suring the intensity of the pump pulses [30]. It is often
expressed in the dimensionless units of “kick strength”
P = ∆α/(4~)
∫ E2(t)dt, where ∆α is the polarizabil-
ity anisotropy of the molecule and E the temporal en-
velope of the pulse. The kick strength reflects the typical
amount of angular momentum (in units of ~) transferred
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FIG. 2: (color online) Rotational Raman spectrum of ni-
trogen molecules excited with a train of N = 24 pulses at
a kick strength of P = 2.3 for 20 different periodic (a) and
non-periodic (b) sequences. (c) The average experimental
distributions (solid lines) are compared to the numerical sim-
ulations (dashed lines) for both the periodic (lower red lines)
and the non-periodic (upper black lines) pulse trains. The
dotted vertical line represents the excitation limit due to the
finite pulse duration. (d) The exact calculated populations
(dashed lines) and the approximate populations (solid lines),
retrieved from the experimental Raman signal as discussed in
the text.
from the laser pulse to the molecule [31]. By amplifying
a sequence of 24 pulses in an MPA, we were able to reach
kick strengths of up to P = 3 per pulse (2×1013 W/cm2).
Figure 2(a) shows a set of 20 Raman spectra, obtained
with 20 different periodic pulse trains. Localized states
in the quantum kicked rotor are known to exist away
from the quantum resonances, i.e. when the time be-
tween kicks is not equal to a rational fraction of the
revival period Trev = (2Bc)
−1 [4]. To satisfy this con-
dition, we chose 10 evenly spaced pulse train periods T
in each of the two intervals, 10/13 < T/Trev < 5/6 and
7/8 < T/Trev < 13/14, with Trev = 8.38 ps for molecu-
lar nitrogen 14N2. The Raman frequency shift (horizon-
tal axis) has been converted to the rotational quantum
number J .
All of the observed Raman signals IJ decay exponen-
tially across 4 orders of magnitude and 15 rotational
states, independent of the train period. The average Ra-
man signal is plotted with the solid red line in Fig. 2(c).
The remaining oscillations are a consequence of the nu-
clear spin statistics of nitrogen, which dictates the 2:1
ratio for the two independent rotational progressions con-
sisting of only even and only odd values of angular mo-
mentum. In Fig. 2(d), the solid red line illustrates the
distribution of the rotational population, extracted from
the average Raman signal according to PJ ∝
√
IJ . An
evident expone tial shape is a hallmark of Anderson lo-
calization in this true QKR system.
To confirm the coherent nature of the observed local-
ization, we repeat the same measurement with a set of
20 non-periodic pulse trains. The kick strength is set to
the same value of P = 2.3 per pulse, but the time in-
tervals between the 24 pulses in each train is randomly
distributed around the mean value of 0.85Trev with a
standard deviation of 33%. Here, all the individual Ra-
man spectra, their average and the population distribu-
tion retrieved from it (solid black lines in Fig. 2(b), (c)
and (d), respectively) show a qualitatively different non-
exponential shape. As expected for a quantum kicked
rotor, Anderson localization is destroyed by the timing
noise and the classical diffusion, with its characteristic
Gaussian distribution of angular momentum, is recov-
ered.
In Figures 2(c) and (d), we also compare our ex-
perimental data to the results of numerical simulations,
shown with dashed lines. The latter are carried out by
solving the Schro¨dinger equation for nitrogen molecules
interacting with a sequence of δ-kicks. We calculate
the complex amplitudes cJ,M of all rotational states
in the wave packet created from each initially popu-
lated state |J ′,M ′〉. Averaging over the initial ther-
mal mixture, we simulate the expected Raman signals
IJ ∝ 〈
∑
M |c∗J,McJ+2,M |2〉J′,M′ , and find the exact popu-
lations PJ = 〈
∑
M |cJ,M |2〉J′,M′ .
In the case of a periodic sequence of kicks, the observed
Raman line shape [Fig.2(c)] is in good agreement with
the numerical result down to the instrumental noise floor
around IJ ≈ 10−4. Calculated populations [Fig.2(d)]
demonstrate the anticipated exponential decay with the
rotational quantum number, but deviate slightly from the
experimentally retrieved distribution. We attribute this
discrepancy to the small finite thermal width of the initial
rotational distribution, not accounted for in approximat-
ing the populations by
√
IJ , as discussed earlier.
When the timing noise is simulated numerically, both
the calculated Raman response and the population dis-
tributions show a non-exponential shape and match the
experimental observations below J ≈ 15. The disagree-
ment at higher values of angular momentum is because
of the final duration of our laser pulses (130 fs FWHM),
which is not taken into account in the simulations. At
J > 15 (i.e. to the right of the dotted vertical line),
a nitrogen molecule rotates by & 90° during the length
of the pulse, which lowers its effective kick strength and
suppresses further rotational excitation.
Figure 3 shows the evolution of the rotational distri-
bution with the number of kicks N . For the case of a
periodic pulse train illustrated in Fig.3(a), the distribu-
tion becomes exponential within a few kicks and hardly
changes after that. In sharp contrast, the line shape in
Fig.3(b) remains non-exponential and keeps broadening
with increasing N in the case of a non-periodically kicked
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FIG. 3: (color online) Evolution of the molecular angular momentum distribution with the number of kicks N (each of strength
P = 2.3) for a periodic (a) and non-periodic (b) excitation. The insets show the corresponding distributions after 24 pulses
as a function of the kick strength: P = 1 (dotted line), P = 2 (solid line) and P = 3 (dashed line). The dotted vertical line
represents the excitation limit due to the finite pulse duration.
molecule. This behavior demonstrates the destruction of
Anderson localization by timing noise and clearly dis-
tinguishes it from other mechanisms of suppressed rota-
tional excitation.
The dependence of the rotational distribution on the
strength of periodic and non-periodic kicks is shown in
the two respective insets of Fig.3. As expected for a pe-
riodically kicked quantum rotor, the localization length
grows with increasing P , while the line shape remains
exponential below the cutoff value of J ≈ 15 discussed
earlier. For each kick strength, the non-exponential dis-
tribution after a noisy pulse sequence lies well above its
localized counterpart, despite being equally affected by
the cutoff, and thus confirming the universality of the
observed dynamics.
Owing to our state resolved detection, the total ro-
tational energy of a molecule can be calculated as∑
J EJPJ , with populations PJ extracted from the ob-
served Raman spectra IJ . The rotational energy is plot-
ted as a function of the number of kicks for multiple
excitation scenarios in Fig.4. For periodic kicking, the
retrieved energy (red squares) increases during the first
3 kicks, after which its further growth is completely sup-
pressed - a prominent feature of Anderson localization in
the QKR. Breaking the periodicity of the pulse sequence
with timing noise results in the recovery of the classi-
cal diffusion, manifested by the continuously increasing
rotational energy of the rotors (black circles). The sub-
linear growth rate is due to the finite duration of our
laser pulses, mentioned earlier. As expected, Anderson
localization is also susceptible to amplitude noise. When
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FIG. 4: (color online) Rotational energy as a function of the
number of kicks N with a mean strength of P = 2.3. Com-
pared are the experimentally retrieved energies (connected
symbols) with the numerically calculated ones (lines), for a
periodic sequence (red squares, dashed line), and the same
sequence after the introduction of amplitude noise (blue tri-
angles, dash-dotted line) or timing noise (black circles, dotted
line).
the amplitudes of a periodic pulse sequence randomly
vary with a standard deviation of 41%, the steady energy
growth is again revived (blue triangles). The numerically
calculated rotational energies for the three cases of a pe-
riodic, a non-periodic and a noisy-amplitude pulse train
are shown with the dashed red, dotted black and dash-
dotted blue lines, respectively.
5In summary, we have demonstrated experimentally the
effect of Anderson localization in a system of true quan-
tum kicked rotors - a gas of nitrogen molecules exposed
to a periodic sequence of intense laser pulses. Cold initial
conditions and a high-sensitivity state-resolved detection
enabled us to observe the distribution of the molecular
angular momenta evolving into an exponential line shape,
characteristic of a localized state. The suppressed growth
of rotational energy, and the noise-induced recovery of
the classical diffusion have also been presented. Our work
complements previous studies of the QKR in a system of
cold atoms, and opens new opportunities for investigat-
ing quantum phenomena which are unique to true rotors,
e.g. edge localization [13] or the effects of the centrifugal
distortion and rotational decoherence on QKR dynamics
[12]. Exploring the possibility of quantum coherent con-
trol in these classically chaotic molecular systems is also
of great interest [32].
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